Montana Tech Library

Digital Commons @ Montana Tech
Bachelors Theses and Reports, 1928 - 1970

Student Scholarship

5-3-1940

The Age-Hardening of Aluminum with MgZn2
Sidney E. Worthen

Follow this and additional works at: http://digitalcommons.mtech.edu/bach_theses
Part of the Ceramic Materials Commons, Environmental Engineering Commons, Geology
Commons, Geophysics and Seismology Commons, Metallurgy Commons, Other Engineering
Commons, and the Other Materials Science and Engineering Commons
Recommended Citation
Worthen, Sidney E., "The Age-Hardening of Aluminum with MgZn2" (1940). Bachelors Theses and Reports, 1928 - 1970. 121.
http://digitalcommons.mtech.edu/bach_theses/121

This Bachelors Thesis is brought to you for free and open access by the Student Scholarship at Digital Commons @ Montana Tech. It has been accepted
for inclusion in Bachelors Theses and Reports, 1928 - 1970 by an authorized administrator of Digital Commons @ Montana Tech. For more
information, please contact sjuskiewicz@mtech.edu.

THE AGE - HARDENING OF
ALIDVlINUM WITH MgZn2

by
SidneyE.

Worthen

A Ttesis
Submittsd

to the Department

of Metallurgy

in Partial fulfiLLment

0: the

Requirements

for the Degr-ee of
Bachelor of Science

in Metallurgical

MONTANA SCT!OOL OF MINES

BUTI'E, MONTAlJA
May J, 1940

Engineering

THE AGE - HARDENING OF
ALUMINUM WITH MgZn2

by

Sidney E. Worthen

A Thesis
Submitted to the Department of Metallurgy
in Partial Fulfillment
of the Requir~ments
for the Degree of
Bachelor of Science in Metallurgical Engineering

MONTANA SCHOOL OF MINES
BUTTE, MONT!NA
May 3, 1940

Table of Contents
Purpose and Scope - - Introduction

- -1

to Theory-

2

Theory of Age - hardening - -

3

Objections to Simple Theory- - - - - 5
Laboratory Procedure- - - - - - - - -7
Data and Curves- - - - - - - - - - -13
Discussion of Results
Summary and Remarks - -

- 17

- - - - 19

References - - - - - - - - - - - -

20

Purpose

and Scope

The purpose of this thesis is to investigate
aluminum with magnesium
the compound Mg Zn2•

and zinc in such proportions

Such an investigation

statements,

based upon experimental

of physical

properties

presence

necessarily

data, pertaining

constituents.

proper equipment,

the only property

indicated

Rockwell Superficial

results

investigated

to the variations
due to the

Hardness

was the hardness

as much as possible,

as

Tester.
was as fo~lows:

5%, 10%, and 15% Mg Zn2, respectively,

were cast and cold-worked

in certain

Because of a lack of time and

The method employed for this investigation
containing

of

as to conform to

of the base metal that are directly

of the hardening

by the

the age-hardening

alloys

were prepated.

These

and then were given a pro-

longed anneal at 550°C and quenched

in water kept at room temperature.

The alloys were tested for hardness

on the above-mentioned

Superficial
peratures,

Hardness Tester, and then allowed to age at various temthe hardness

being measured

In an effort to determine

periodically.

whether the observed increase

was due to the compound Mg Zn2 or to the individual
nesium and Zinc, two other alloys were prepared,
aluminum

Rockwell

and Zinc, and the other aluminum

the amount of magnesium

of that metal in the 15%, Mg Zn2.

Hardness

constituents,

one containing

and magnesium.

or zinc was adjusted

in hardness

to correspond

magonly

In each case
to the amount

tests were performed

with

these two alloys and the results compared with those obtained with the
alloy containing

15% Mg Zn2.

Beyond these facts this paper goes a little further to discuss
briefly

the theory of age - hardening,

comprehensive

consideration

for the writer considers

this

as integral a part of the work as any other.

The simple theory as advanced

by Merica, Waltenburg,

and Scott will be

-2-

the basis of the discussion;
fined versions as developed
but brief mention.

the objections
by subsequent

to this and the more re-

investigation

will be given

In addition to these matters the paper contains a

more detailed description

of laboratory

in the pursuance of the investigation,
sake of anyone who may wish t? carryon

procedure, difficulties

encountered

and a few words of advice for the
the work.

The results obtained from this study do not prove or disprove any
of the contentions

as set forth by the advocates

of age-hardening:

they merely show the effects of magnesium

upon aluminum.

of the simple theory

They do, however, conform to the expectations

and zinc
aroused

by this theory.
Introd~lction to Theory
The phenomenum

of age-hardening

has but recently been understood,

and even today there is much controversy
valved.

over the exact mechanics

in-

For a long time it has been known that the physical properties

of some alloys, notably steels, can be improved by heat treatment,
it was supposed that only mechanical working

but

together with annealing

could produce important changes in the vast majority of the other alloys.
Since such treatment is cumbersome

and of limited applicability,

more versatile method of heat treatment has been studied.
gist is ever seeking to extend his domination

The metallur-

over his materials,

vary the properties to conform to the specifications

the

of the user.

to
Hence,

it has been a veritable boon to him to find that a great many alloys
are susceptible

to hardening

through the addition of small amounts of a

suitable agent and an appropriate

-

heat treatment.

"In this new-found ability to alter systematically
versally

one important set of properties

and uni-

in any alloy, we may see one of

-3the directions

in which progress is being made in the rational art of

alloy-building.-

--- Merica.
Theory of Age - hardening

Two main types of alloys are amenable
hardening:

(1) those alloys that undergo

to the phenomenum
transformations

state, and (2) those alloys of the solid solution type.
alloys in the first group undergo the desirable

in the solid
Though the

transformations,

changes are inherent in the alloys and cannot be reproduced
second group of alloys constitute
by the me ta'Hur-gf.s t ,

of age-

a set whose properties

the

at will.

The

are governable

It is with this latter type that we shall concern

ourselves.
The simple theory of age-hardening

as advanced by Merica, Waltenburg,

and Scott (1) had four cardinal points:
1.

Age-hardening
temperature

is possible because of the solubility
relationship

of the hardening

-

constituent

in aluminum.
2.

The hardening

constituent

in the specific case of dur-

alumin is CUrll2.

3. Hardening is causes by the precipitation of this constituent in some form other than that of atomic dispersion, and probably in fine disperse molecular,
colloidal,

4.

or crystalline

The hardening

form.

effect of Cul12 in aluminum is related

to the particle size in the following way:

-4-
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implies particles having a diameter of 3xlO-8; critical

3xlO-8 - 3xlO-e; and "overaging"

dispersion,

3xlO-6 - 3xlO-5

centimeters.
According

to this theory,

any alloy of the solid solution type, as shown by the
diagram at left, is hardenable.
If an alloy of composition
"x" is heated to a temperaA

ture "t"" it is a saturated
m

7-

cOn?pos'/ ri-n

solid solution of
i~.

P in:< •

The line m - n is the solubility

If the alloy is now quenched,-#, cannot precipitate

and the result is a super-saturated
The alloy is now quite soft.
solute will begin to precipitate

curve of

f9

immediately,

solution, which is unstable.
As time goes on, however,

out of the solution.

the excess

Furthermore,

is now the quite generally accepted belief that this precipitation

it
takes

place along the planes of slip as sketched
at left, and because of the resulting
terference

in-

of slip the alloy is hardened.

-5The importance

of particle size may be appreciated

siders ~hat the hardening

is effected by these definite particles,

and that when they grow by accretion
is decreased,
as a mass.

thereby decreasing

Consequently,

has been exceeded.
dispersion,

the effective number of particles

the hardening

effect of the particles

the alloy softens after critical disper~ion

However, when the particles are very small, atomic

they do not constitute

an appreciable

As they grow, their effect is more noticeable
dispersion.

when one con-

interference

of slip.

until they reach critical

After this point any further growth results in a decreasing

effectiveness.
The above hardening

will take place at any temperature

but the higher the temperature,
maximum hardening.

the shorter the time required to attain

At room temperature

before aging is complete.
higher temperatures,

some alloys may require months

Others require only a short time.

aging may be complete

no way at present known for the prediction
or the maximum hardness attainable
Objections
1. Fraenkel(2)

decreases,

to the Simple Theory

measurements

resistivity
Fraenkel

to the simple theory on

he made on duralumin.

properties

tures might be essentially

different

of

(or below

It was not in accord with

of solid solutions that their

should increase with decreasing

suggested that the mechanism

He found

(100 - 2500C) the resistivity

actually increases.

the view of the electrical

There is

of either the time required

whilst during aging at room temperature

lOOOC) the resistivity

At the

for any given alloy.

that during aging at high temperatures
duralumin

in a few seconds.

raised the first objectLon

the basis of resistivity

of aging,

concentration

of age-hardening

of solutea

at room tempera-

from that at higher temperatures,

-6and that the hardening

reaction might occur wholly within the solid phase _

aluminum solid solution - without any precipitation
2.

of a second phase.

Absence of direct proof of precipitation:
(a) Although

particles of CuA12 have been seen with the aid

of the microscope

in duralumin

aged at temperatures

above 200oC, no such particles were visible in alloys
aged at room temperatures.
garded as inconclusive
microscope

This evidence may be re-

because of the failure of the

to permit resolution

of particles having a

diameter of less than 10-5 cm.
(b) Furthermore,

Schmid anq Wassermann

of the x-ray spectrograph,
lines of crystalline

(3) could, by means

detect the characteristic

CuA12 in diffraction

of annealed duralumin,

but could not find them in fully

hardened duralumin aged at 150 - 200oC.
evidence is inconclusive

Again the

because the x-rays become ill-

resolved at particle diameter
particles

photographs

less than 10-6 cm.

If

exist having a diameter less than ten times

average atomic diameter, they might escape detection.

3.

When copper is taken up by aluminum in solid solution, the lattice

constant of aluminum is continually
proportional
Wassermann

decreased,

the change being a1~ost

to the amount of copper in solid solution.

But Schmid and

and others were able to show that the lattice constant of a

quenched auper - saturated duralumin remained unaltered during aging
treatments

and room t.emper-a
tur-es-, and even higher temperatures

during which substantiAl

hardening

takes place.

up to 150oC,

This evidence is quite

-7conclusive

that no actual precipitation

takes place during room temperature

aging.
M. L. V. Gayler(4)

in a recent work also questions the simple preci-

pitation theory at higher temperatures.
aged at temperatures
curve.

She has found that duralumin

above l500C shows two distinct maxima on the hardness

This, she asserts, is due to two separate phases:

precipitationll
cipitation

---

a diffusion

will ultimately

phase contributes

(1) "incipient

of solute atoms to planes about which pre-

occur, and (2) precipitatlon

to the hardness.

proper.

Each

The second closely follows the first,

the two actions taking place nearly simultaneously.
A further discussion
hardening,

of this, and more technical aspects of age-

would be beyond the scope of this paper and hence hardly apropos.

Suffice it to say that the present status of the theory is:
(1)

same as previously
(2)

(above 1500C) essentially

At high temperatures

outlined,

at lower temperatures
of crystalline,
hardening

the

no actual precipitation

occurs

discrete particles of solute, but the

is due ratber to some other structural

al-

teration.
Laboratory

Procedure

There were a number of difficulties
fore I even made up my alloys.

that beset me at the outset be-

In the first place the ternary system,

aluminum - magnesium - zinc, has not been worked out; at an~ rate, I could
not find the diagram in any of the literature.
the aluminum
systems.

zinc, aluminum

From these diagrams

of Mg Zn2 the solubility

magnesium,

However, I was able to find

and the magnesium - zinc binary

I was able to estimate at what percentage

curve 6f"<'thiscompound in alpha solution crossed

-8the room temperature
lie between 4% and

isotherm.

6%

Mg Zn2.

I estimated that this composition

should

In other words, my alloy must contain at

least 4% Mg Zn2 before age-hardening

could be expected to take place at

room temperature.
According

to the rough

diagram sketched at left, if
an alloy contained 4% Mg Zn2'
at room temperature

it would

be a saturated solid solution,
and no precipitation

o(+MgZ~
;0.

could

be expected to take place.

~/--~~%=.------------~~----------------_J
.....
Mg.l"2

A

(This diagram is not the coroi~,.q,"
rect one, of course, but it will illustrate my line of thought.
It does show
Ctu."P' D.g

rIg. 4. -

the approximate

),1-;,"

A/-Mg'z"J

solubility

curve as brought out by my estimation.)

From this it can also be seen that the higher the percentage

of

Mg Zn2 above the minumum of 4%, the greater the amount of excess solute that
may be expected to precipitate,
become upon aging.

and consequently

the harder the alloy will

There is a definite upper limit to the theoretical

aging possible, however.

At the composition

lies the limit of the alpha field.

marked "x" on the diagram

Any composition

greater than

"'XII

%

of

Mg Zn2 will lie outside of this field and no hardening will take place.
In view of these considerations,
both limits.

Since my previous estimate by means of the diagrams had been

sheer guesswork,
respectively,
base.

I decided to ascertain by experiment

I set about making up a series of alloys containing,

2%,

4%, 5%, 7%, 10%, 12%, and 15% Mg Zn2 with the aluminum

I had a great deal of difficulty

these alloyso

in perfecting

the techniCj_ueof making

-9Both magnesium and zinc are highly susceptible

to oxidation, and as

soon as I had placed the constituent metals in tte crucible and begun to
heat them, both the magnesium and the zinc would burn up.
flux of some sort thg_t would exclude the air.

I needed a

I couldn't use any carbon

compound since magnesium is active enough to form a carbide.

I tried to

use a tube furnace and pass natural gas through it, but again the magnesium was charred.

Even if such an atmosphere had proved satisfactory,

would have had considerable

I

difficulty in stirring the alloy to assure

homogeniety.
Finally I found a suitable flux mentjoned

in some of the literature,

a mixture of several chlorides in the following proportions:
Mg C12

42%

Ca C12

30%

Na Cl --- 28%
The constituents were separately ground rather finely and roughly weighed
out, and then simply mixed together.

It was not necessary to fuse them.

Even with such a flux, some oxidation took place when I attempted to'fuse
my alloys in a muffle furnace.

A stronger reducing atmosphere was neces-

sary to preclude such oxidation, so I used a carbon electrode resistance
furnace.

The carbon electrodes provided the reducing agent and were not in
contact with the alloy, and
so could contaminate

it.

Two

bricks were used to close t~e
opening.

Although some

slight oxidation did occur
when the bricks were removed for
stirring the alloy, most of the

rlg.s:

Afv/hplt?-'t/nit*
rvrnQce

Crvclb/e

-10magnesium

and zinc could be mixed into the alloy, and the loss was considered

slight and almost negligible.

The furnace proved satisfactory,

although I

believe an electric arc one would be preferable.
I found that the temperature
of the casted alloy,

had an important bearing on the perfection

The melting points of the constituent
aluminum,

metals are:

660°C
6510C

magnesium,
zinc, 419°C

The flux, of course, fused at a lower temperature
tried to keep the temperature

than any of these.

I

close to 700°C, as this was high enough for

complete fusion, and at the same time was not too high for correct casting.
I found that if the temperature

were much higher than this, the alloy

upon casting separated into small droplets and would not coalesce.
lower temperature,
the magnesium

however,

it casted perfectly,

in one piece.

At the

Besides,

showed a greater tendency to oxidize at the higher temperature.

Once the metals were thoroughly mixed, I had no more difficulty
oxidation,

and I cast my alloys on an iron surface, in the open air.

flux was readily separable
cool before I worked it.
through an antiquated

with
The

from the metal, and I only had to let the alloy
The only cold work I gave it was numerous passes

set of hand rolls.

The alloys containing up to 10%

Mg Zn2 rolled nicely, but those above this composition

cracked badly.

The

only way I could roll these was to give several gradual passes and anneal
them before working them further.
was able to obtain my specimens
My age-hardening

By alternate

rolling and annealing

I

in the form I desired themo

tests, and also the annealings

at first, were carried

-11on in an electric tube furnace.

The equipment was set up as sketched at
left.

boed

T. F. is the furnace proper

with a fused quartz tube (T) inserted.
"Th" is a chrome 1 - alumel thermocouple connected to a direct reading potentiameter

(p).

the primary rheostat and
secondary

;::;9,£'- Tube Fvrm~ce

trol the temperatures

to

t 5 C,
0

R2 the

one. The primary rheostat

was not sensitive enough to control the temperature
2500C, so I inserted a secondary one.

R, is

of the furnace below

With this circuit I was able to con-

and wi thin a wide range.

The tube is only

I

about an inch in diameter and I had to use rather small samples in order
that they would fit.

ahd('t"

thick.

I cut my alloys to a size of approximately

I" x

til

By this means I was able to fit three samples at a time

into the small steel boat.

The boat was simple slid in and out of the tube

with a piece of wire.
I mentioned
setup.

above that I did some of my early annealings with this

I soon found that this method was a time-consuming

one.

It would

take some two and one-half hours to bring the furnace up to the annealing
temperature

of 5500C and be assured that the temperature was constant.

After my samples had annealed for about 24 hours, I quenched them in
water and then cut the current to the furnace to let it cool.

It then

took another two or three hours to come to the constant temperature
quired for the age-hardening

tests.

re-

Only after much wasted time was I

able to proceed with the tests.
To eliminate largely this waste I availed myself of a second electric
furnace.

This I brought to a temperature

of 5500C, using the same

-12thermocouple

as I was using with the tube furnace, and once set, I left

the furnace on.

Thus I used one furnace for annealing and the tube furnace,

with its more exact control, for the aging.

This arrangement

satisfactory,

it, I could have carried

and if only time had permitted

proved Ytery

on a more extensive investigation.
Once while I was using the tube furnace for annealing,
temperature

to go too high, 5800C.

Upon quenching

a partial fusion had taken place, completely

I allowed

the alloys, I found that

ruining the samples.

very porous and swollen, and it was obvious that any hardness
upon them would be unreliable.

the

They were

tests made

Besides, they were so contorted that I

doubted gravely whether I could measure their hardness.

I

Consequently,

had to start over again and make up more alloys.
For the sake of completeness,
shall give a sample calcula~ion

rather than because of necessity,

I

for the weights of the various metals re-

quired to make up an alloy of 5% Mg Zn2:
Al

(any convenient

Mg

12.754 x 5 x 24.32
~4.3~2x65.38-

amount) -- 12.754 gm.

0.104 gm.

95

Zn -- 12.754 x 5 x 2 65.38 '__
95
Weighings

were made accurately,

curacy was not warranted,

00568

gm.

24.32t2x65.38
although it now seems as though such ac-

since losses occurred during subsequent

fusion.

I had hoped to make chemical analyses upon the alloys after the tests were
completed,

but time did not permit.

only the nominal percentages

Consequently,

in the following data

must be inferred.

The metals used are of high purity, but I do not know just what impurities are present or their relative amounts.

All fusions were carried

-13on in refractory crucibles.
Data
Temperature of annealing -----------------5500C
Time of anneal --------------------------

24 hrs.

Water quench at room temperature
Alloy 2% Mg Zn2• 98% A1 --- Aging temperature, 250°C.
Hardness as quenched:
Aged for 1.2lJlmm.

"
"

15 T - (-23)

Rockwell Hardness 15 T - (-20)

"

24

11

II

"

15 T - (-10)

11

36

II

II

15 T - (-15)

"

48

II

'n

15 T - 0

•

It

60

"
"
"

"

15 T - (-35)

"

"

2 hrs.

II

"
"

'" "

3 hrs.

n

II

'"

"

Alloy 4% Mg

14

hr-s ,

"

"
"

15 T - (-20)
15 T - (-5)
15 T - (-18)

Zn2, 96% A1 --- Aging temperature, 250°C
Hardness as quenched: 15 T - 0

Aged for 12 min.,

Rockwell Hardness 15 T - 5

"

"

24

1111

1111

"

II

36

11

"

1t

"

48

"

"

"

60

"
'"

n

"
"
"

"
"

2 hrs.
5 hrs.
14

hr-s ,

"
"
"

15 T - 0

15 T - 15
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"
"

11ft

15 T - 10

"
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!III
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-14Alloy 5% Mg Zn2, 9~% Al --- Aging temperature, 250°C
Hardness upon quenching : 15 T - 22
Aged for 5 min. , Rockwell Hardness

15 T - 26

It

n

12

"

11

"

15 T - 30

11

II

18

"

11

11

15 T - 35

"

" 24

11

"

III!

15 T - 38

11

1111

60

"

1111

l1li

15 T - 43

"

"

"

"

15 T - 49

14 hrs.

Alloy 5% Mg Zn2' 95% Al --- Aging temperature, 2000C
Hardness upon quenching : 15 T - 22
Aged for 10 min. ,

Rockwell Hardness

15 T

25

II!!

" 20

"

IIR

"

15 T - 28

IIR

" 30

"

"

1111

15 T - 31

40

11

11

"

15 T - 36

III!

11

11

15 T - 40

It

II

15 T - 46

"

1111

"

"

60

11

II

10 hrs.

Alloy 5% Mg Zn2' 95% Al --- Aging temperature, 1500C
Hardness upon quenching : 15 T - 22
Aged for 10 min. , :t Rockwell Hardness

15 T - 22

It

"

30

11

"

It

15 T - 22

11

11

60

"

"

"

15 T - 23

11

11

2 hrs.

11

It

15 T - 36

"

"

10 hrs.

"

"

15 T - 40

-15lilloy 10% Mg Zn2, 90% Al -- Aging temperature~ 250°C
Hardness upon quenching : 15 T - 45
Aged for 12 min.,

Rockwell Hardness

15 T - 50

"

It

24

!III

Q

!III

15 T - 51

"

"
"

42

"
"

"
"

"

15 T - 53

n

15 T - 55

"

60

n

"

5 hrs.

"

"

15 T - 74

"

"

14 hrs.

"

"

15 T - 70

Alloy 10% Mg Zn2, 90% Al --- Aging temperature. 200°C
Hardness upon quenching : 15 T - 43
Aged for 12 min. ,

"
"
"
"
"

"

18

"

"
"

30

"

50

"

"

60

III!

"

14 hrs.

Rockwell Hardness

"
"
"

15 T - 60

"

15 T - 68

"

15 T - 72

"

15 T - 74

"

III!

15 T - 76

"

"

15 T - 63

Alloy 10% Mg Zn2' 90% Al --- A~ing temperature. 150°C
Hardness upon quenching : 15 T 41
Aged for 10 min. ,

"
II

"
II

"
"

"
"
"

Rockwell Hardness

15 T - 49

30

"

"

"

15 T - ~1

60

n

"
"
"

"

15

"

15 T - 58

"

15 T - 70

!III

15 T - 58

2 hrs.

"

3 hrs.

"

14 hrs.

"

T - 51

-16Alloy 15% Mg Zn2, 852b Al --- Aging temperature, 250oC.
Hardness upon quenching
Aged for

. 15 T

- 64

5 min. , Rockwell Hardness

15 T - 73

II

II

10

"

II

II

15 T - 76

"
"

"

24

"

36

"

"
"

15 T - 78

n

"
"

II

"

60

"

II

II

15 T - 67

"

II

14 hrs.

"

"

15 T - 64

15 T - 77

Alloy 15% Mg Zn , 85% AI --- Aging temperature, 2000C
2
Hardness upon quenching : 15 T - 66
Aged for 10 min. , Rockwell Hardness

"

20

"

" "

30

"

II

"
"

42
60

"

10 hrs.

"

"
"

. 15 T - 69

II

"

15 T - 71

1111

II

15 T - 75

II

II

111!

15 T - 76

II

111!

"

15 T - 77

"

It

15 T - 64

Alloy 15% Mg Zn2, 85% Al --- Aging temperature, 1500C
Hardness upon quenching

· 15 T -

Aged for 10 min. , Rockwell hardness

36
15 T - 55

II

II

30

II

II

"

15 T - 54

"

II

60

"

II

"

15 T - 63

n

"

14 hrs.

"

II

15 T - 70

Zn2, 85% Al --- Aged at room temperature

AJJoy ] 5% Mg

Hardness upon quenching

·· 15 T

Aged for 2 days, Rockwell Hardness

- 36
15 T - 62

II

II

6

II

II

"

15 T - 68

"

II

14

')11

"

"

15 T - 73

-17Alloy 2.3~ Mg, 97.7% Al --- Aged at room temperature
Hardness upon quenching
Aged for

2 days,

: 15 T - 10
: 15 T - 8

Rockwell Hardness

n

"

6

It

'"

"

15 T - 14

"

"

14

"

"

"

15 T - 11

Alloy 12.7~~~~Al

--- Aged at room_temperature

Hardness upon quenching
Aged for

2 days,

: 15 T - 66

Rockwell Hardness

15 T - 70

"

It

6 "

"

11

15 T - 69

"

"

14 ""

II

It

15 T - 65

Discussion
From the accompanying
effected by heat treatment

of Results

curves it can be seen that age-hardening
of alloys containing

at least 5% Mg Zn2.

the 2% and the 4% Mg Zn2 alloys were irregularly
of heat treatment failed to harden measurably.

is
Both

soft, and after 14 hours
A lack of time prevented me

from carrying on tests upon the 7% and 12% Mg Zn2 alloys.
The three alloys showing marked age-hardening
Mg Zn2'

are : 5%, 10%, and 15%

At 2500C, the 15% alloy hardened from a Rockwell Superficial

hardness of 15 T - 64 to a maximum of 15 T - 78 in 24 minutes, and immediately began to soften thereafter.

Undoubtedly

occurred at the point of critical dispersion,
was due to particle growth.

the maximum hardness

and the subsequent

The 5% alloy at this temperature

softe~ing

advanced from

15 T - 24 to 15 T - 43 in one hour, a rapid increase, but in the next 13
hours increased slowly to only 15

T - 49.

I cannot understand

why the alloy

should have continued to harden after critical dispersion had been reached.
True, I have no proof that critic~l dispersion

occurred at the end of one

-18hour, since a microscopic

examination

revealed nothing of consequence.

At 2000C, the 10% and 15% alloys again show a maximun hardness with a
subsequent

softening, as before.
0

peculiarly.
phenomenon

Again it is seen that the 5% alloy behaves

At 150 C the same thing happens with this alloy, so the
can scarcely be attributed

to accident.

At this latter tempera-

ture the 15% alloy is also seen to increase after critical dispersion.
In this instance I believe my results are in error.
In general, the maximum hardness can be seen to have been reached the
more rapidly with an increase of aging temperature.
the expectations

aroused by the theory.

Also, the same amount of hardening

is effected, no matter what the temperature,
varies.

This is in accord with

but the time required naturally

Again this result conforms to the theory.

The hardness upon quenching of the 15% alloy shows a marked discrepancy on one occasion in that it is 15 T - 64 for the series of tests
carried on at 2000C and 2500C, and only 15 T - 36 for those tests at 1500C
and room temperature.

Regardless

of this difference

the same degree of aging is seen to have taken place.
logical to assume that improper annealing

in initial hardness,
Therefore,

it seems

is the culpable factor.

My last series of tests were those in which the 15% Mg Zn2 alloy was
compared with Al - Zn, and Al - Mg alloys, the two latter ones containing
the equivalent amount of zinc or magnesium
hoped to show rather conclusively

present in the 15% alloy.

I

that the observed hardening was due to

the compound, Mg Zn2' and not to zinc and magnesium acting independently.
Unfortunately

my findings were inconclusive.

on Fig. 7-d win

reveal the disconcerting

due only to the zinc.
whatsoever.

An examination

of the curves

fact that hardening

is apparently

The magnesium - aluminum alloy showed no hardening

Still, it is highly probable that this conclusion

Further tests would have to ~

is erroneous.

made to establish conclusively

just what

-19the hardening

constituent

is.

Summary and Remarks
As a consequence
tial age-hardening

of the above considerations

I conclude that substan-

ta~~es place in aluminum when magnesium and zinc are in-

troduced in the proportions

corresponding

to the compound, Mg Zn2.

say with certainty, however, whether the hardening

I cannot

is due to magnesium,

zinc, or the compound, r.~gZn2.
The same degree of hardness may be expected regardless
temperature,

provided only that for any composition

of the aging

the temperature

of aging'

does not bring the alloy back into the field of solid solution.
The accuracy of these results is open to question.

My specimens were

too small to permit of very extensive testing of hardness.
the alloys were not completely
difficult

to make.

homogenious,

In some instances,

making accurate readings

In the foregoing data, all results shown are the

averages of at least five readings.
May I add a few words of caution for the benefit of anyone who may
. wish to pursue this investigation:
1.

Be certain to stir the molten alloy thoroughly to insure homogeneity.

2.

Cast the alloys from a temperature

just above

the fusion point.

3. Be liberal with the amount of flCL~ used.

4. Do not allow the temperature of the fusion
furnace to exceed 700oC.
5.

Use a larger furnace and larger specimens
for the aging tests than I have done.

-206.

Give the specimens a long period of
anneal:

preferably about 48 hours.
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